We demonstrate surface electronic states with giant Rashba-type spin splitting in Bi/GaSb(110)-(2×1) using angle-resolved and spin-resolved photoelectron spectroscopy. The spin-polarized surface band of Bi/GaSb(110) exhibits quasi-one-dimensional character with the Rashba parameter α R of 4.1 and 2.6 eVÅ at theΓ andȲ points of the surface Brillouin zone, respectively. The Fermi level of the surface electronic state is tuned by Ar-ion sputtering on the GaSb substrate. The presence of giant Rashba-type splitting with spin-polarized metallic character makes this system a promising candidate for spintronic applications.
Spin current in miniaturized systems, which can be induced by the surface states of topological insulators [1] and by spin-Seebeck effect [2] for example, has garnered significant attention recently in the field of spintronics [3, 4] . Among them, the Rashba effect at crystal surfaces is a promising platform for the generation of spin current in low-dimensional systems [5] . Due to the lack of the space inversion symmetry at the surface, spin-orbit interaction (SOI) induces a sizable spin polarization in surface electronic states even without ferromagnetic materials. As such Rashba-type SOI can occur in surface systems fabricated on ordinary semiconductor substrates [6, 7] , it has been studied extensively for the development of sptronic devices, which exhibit excellent compatibility with semiconductor substrates.
Recently, we reported that a quasi-one-dimensional (Q1D) surface, Bi chains on a semiconductor InAs(110) substrate, exhibits giant Rashba-type spin splitting in its electronic states [8] . Here, we obtained the Rashba parameter α R , a widely used scale of Rashba-type SOI, as 5.5 eVÅ, which is close to the maximum value reported for Rashba-like systems [9] [10] [11] [12] [13] . Unfortunately, the Bi Q1D chain did not become a metal but a semiconductor with an energy gap of 0.04 eV between the Fermi level (E F ) and the valence band maximum at theȲ point, which limits its application for spintronic devices. This issue can be resolved by tuning E F to make the surface state metallic so that spin-polarized transport can be realized. To achieve this E F tuning of surface electronic structure, some methods have been reported, such as co-evaporation with the neighboring element in the periodic table [14] , alkali-metal evaporation [15] , and excess evaporation of the elements to form a surface superstructure for providing electrons to the surface electronic states [16] [17] [18] . Application of these methods to the Bi Q1D chains can be fruitful for their implementation in spintronic devices. In addition, it is important to increase the energy gap of the substrate compared with that of InAs (0.36 eV at 300 K), which is too small for ideal spintronic applications, while maintaining a similar surface structure.
In this work, we investigate the surface electronic states of the zig-zag chains of Bi on GaSb(110), which exhibit giant Rashba-type spin splitting. The surface atomic structure is depicted in Fig. 1(a) , which is similar to that of Bi/InAs(110) reported previously; the bulk bandgap of GaSb (0.68 eV at 300 K) is about two times larger than that of InAs.
The Q1D feature of the surface bands of Bi/GaSb(110) was demonstrated by angle-resolved photoelectron spectroscopy (ARPES). We obtained α R as 4.1 and 2.6 eVÅ at theΓ and Y points of the surface Brillouin zone (SBZ), respectively. These values are slightly smaller 2 than those of Bi/InAs(110), but are still quite a large value. Further, we tuned E F of Bi/GaSb(110) by Ar-ion sputtering on the GaSb substrates. The surface bands rigidly shifted by ∼100 meV toward the lower binding energy; consequently, these bands crossed E F , suggesting the appearance of a metallic conduction path.
The clean GaSb(110)-(1×1) substrates were fabricated by two different methods. In the first method, a side face of single-crystal GaSb(001) wafers was cleaved. The second method involved repeated cycles of Ar-ion sputtering (with acceleration energy of 0.5 -1.0 keV) and annealing at temperatures up to 700 K. The prepared samples are denoted as "cleaved" and "S&A" surfaces, respectively. A few monolayers of Bi were evaporated from a Knudsen cell at room temperature and then annealed at 550 K for more than 10 minutes. The atomic structures of the obtained surfaces were visualized by low-energy electron diffraction are slightly smaller than that obtained for Bi/InAs(110)-(2×1) with a similar surface atomic structure (5.5 eVÅ alongΓ-X and 3.6 eVÅ alongȲ-M) [8] , they are still three-four times larger than that reported for other Q1D and 1D systems such as Pt/Si(110) [22] and the edges of Bi(111)/Si(111) [23] , and are comparable to the values obtained for giant Rashba systems such as two-dimensional Bi/Ag surface and three-dimensional BiTeI [9] [10] [11] .
The difference of α R between Bi/GaSb(110) and Bi/InAs(110) can be attributed to the slight variation in the surface atomic structure. Table I shows the bond lengths and relative atomic displacements along [110] plane of the Bi atomic chains on InAs(110) and GaSb (110) [5, 21, 24, 25] . The bulk lattice constants of InAs and GaSb are 6.06Å and 6.10Å, respectively, with a difference of less than 1 %. Compared to this small difference, the inter-atomic distances in the Bi-adsorbed surfaces are large. Bond lengths between Bi atoms of Bi/GaSb are 3-4 % larger. In contrast, the bond lengths of Bi-Ga and Bi-Sb in Bi/GaSb are shorter than those of Bi-In and Bi-As in Bi/InAs (difference of 4-6 %), except for the bond Bi1-Ga1 (In1). In addition, the vertical displacements of the Bi atomic chains in Bi/GaSb(110) are larger than that in Bi/InAs(110) by 0.05Å for ∆ 1−2 and 0.15Å for ∆ 3−4 . This difference may be attributed to the ionicity of III−V semiconductor, as reported in an earlier work [21] . Actually, the Phillips ionicity of GaSb (0.26) is smaller than that of InAs (0.36) [26] .
Thus, the ionic character of the surface anions and cations can affect the valence bond of Bi atoms and modify the surface bond lengths. It is well established the magnitude of Rashba-type spin splitting is strongly influenced by the orbital composition of the surface states and the charge distribution near the surface atoms, and both of them can be modified by the structural and valence changes around surface Bi atoms as discussed above [27, 28] .
Therefore, this can be rational cause for the change in the magnitude of Rashba effect in Bi/GaSb(110) and Bi/InAs(110). We examined the variation of core-level spectra to gain further information on the origin of this rigid band shift in S&A Bi/GaSb. Figure 4 shows the experimental and theoretically fitted core-level spectra of the clean GaSb(110) substrates obtained by cleaving and S&A.
The peaks in the region "B" (shaded region "S") corresponds to the contribution from the bulk (surface) Sb and Ga atoms, which is consistent with an earlier work [2]. This indicates that the number of Sb atoms in the surface region (S) decreases and non-bonding Ga atoms (S') appear after S&A cleaning. These differences in the cleaved surface can be attributed to the different Ar sputter yields for each element, Ga and Sb in this case [30] , and this can also be the source of hole doping in the surface electronic states observed in this work.
The detailed analysis of other core-level spectra (e.g. the spectra obtained from Bi/GaSb surfaces) and the possible mechanisms of the hole doping are discussed in the supplementary material.
In conclusion, we revealed giant Rashba-splitting in the surface electronic states of The core-level spectra of cleaved and S&A samples obtained with 40.8-eV and 80-eV photons are shown in Figs. S1 and S2, respectively. Figures S1(a-c) and S1(d-g) show the spectra of GaSb(110) and Bi/GaSb(110)-(2×1), respectively. Figures S1(a) and S1(d) illustrate the wide-range spectra measured by He-II light source (hν = 40.8 eV). The spectra in Figs. S1(b,c) and S1(d-f) are obtained after subtracting the Shirley-type background from Figs. S1(a) and S1(d), respectively. After annealing for more than 10 minutes, the number of Bi atoms was not increased in the S&A samples. Table SI summarizes the ratios of peak areas between different elements obtained from the spectra in Figs. S1 and S2. The peak areas of each element are obtained by integrating the spectra around the target peak after background subtraction in Fig. S1 . The peak-area ratios between each species, such as Ga-S and Ga-B, are obtained from the fitting results shown in Fig. S2 . The fittings were performed with the minimum number of parameters to reproduce the measured spectra, except for the Bi 5d levels on the S&A substrate; the details are provided as follows.
To clarify the effect of Ar-ion sputtering, we examined the peak-area ratio between Ga 3d and Sb 4d. The obtained ratio is ∼1.96 Fig. S2(f) is split into two components, similar to the cleaved substrate in Fig. S2(a) , but the peak intensity from the surface contribution S decreases. Moreover, a new feature S' on Ga 3d in Fig. S2(g) On the other hand, it is difficult to fit the Bi 5d levels of S&A Bi/GaSb with the same number of components as those used in the fitting of cleaved Bi/GaSb. As the band dispersions of surface states are same for both the substrates (Figs. 2 and 3 in the main text), it can be assumed that the Bi-(2×1) surface atomic structure is similar for both of them.
Based on this assumption, we added one more peak (Bi d ) for fitting the curve corresponding to S&A Bi/GaSb. For the other three peaks (Bi a -Bi c ), the relative intensity and energy differences were kept at the same values as those for the cleaved substrate. Using this method, we could reproduce the Bi 5d levels of S&A Bi/GaSb, which is shown in Fig. S2 (i). The Based on the above analysis, there are two possible sources for the hole doping in the surface bands. The first one is the formation of surface Ga clusters observed as the S' features in Ga 3d levels on the S&A substrate ( Fig. S2(j) ). This Ga cluster can attract surface electrons, thereby causing hole doping into the surface Bi Q1D chains. The second probable origin is the insertion of Bi in the Sb vacancy sites on the GaSb substrate. The electronegativity of Bi is 2.0, which is equal to that of Sb. Therefore, from the viewpoint of electronegativity, substituted Bi cannot contribute to the hole doping. However, as the ionic radius of Bi is larger than that of Sb, slight distortion and/or chemical pressure in the surface atomic structure can be induced. Such structural deformation can contribute to hole doping, e.g., through Jahn-Teller effect. It should be noted that the surface band dispersions are not sensitive to such mechanisms and their variations are negligible, similar to that observed for rigid energy shifts. This suggests that the Bi zig-zag chains formed in the topmost surface layer are an essential part of the Rashba-split surface bands, and the hole-doping mechanism is not related to Rashba splitting, but it is important for tuning the 0 π/2 -π/2 0 π/2 -π/2 0 π/2 -π/2 TABLE SI. The ratios of the peak areas between different elements in (a) the GaSb(110) clean substrate and (b) the Bi/GaSb(110)-(2×1) surface obtained from Figs. S1 and S2. The evaluation method is described in the text. Fractions such as "Ga/Sb" and "Bi b /Bi a " represent the ratio between the integrated peak areas (Sb 4d, Ga 3d, and so on).
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